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Objective: Cam-type femoroacetabular impingement (FAI) deformities have been associated with early
osteoarthritic degeneration of the hip. Degeneration depends on many factors such as joint morphology
and dynamics of motion. Bone mineral density (BMD) appears to be a manifestation of the above, and
may be a potentiator. Thus the goal of this study was to assess subchondral BMD of cam deformities in
symptomatic and asymptomatic FAI subjects, and to compare to normal controls.
Methods: Subjects undergoing surgical correction of a symptomatic cam-type deformity were recruited
(“Surgical”). Asymptomatic volunteers were also recruited and classiﬁed as normal (“Control”) or having
a deformity (“Bump”) based on their alpha angle measurement. All subjects (n ¼ 12 per group) under-
went computed tomography (CT) with a calibration phantom. BMD was determined in volumes of in-
terest around the femoral head and neck to a depth of 5 mm. BMD was compared between groups in
each section using spine BMD as a covariate.
Results: No differences were seen between groups in the peripheral bearing surface. The Bump group
exhibited higher BMD than Controls within the head/neck junction (P < 0.05). When compared to
normal subchondral bone in the peripheral level of Controls, BMD in the deformity was up to 78% higher
in Bump subjects and up to 47% higher in Surgical subjects (P < 0.05).
Conclusion: Subchondral BMD of cam deformities is higher than that of normal subchondral bone in the
peripheral region of the femoral head, regardless of symptom status. The expected increased sub-
chondral stiffness may increase contact stresses in the joint tissues leading to accelerated degeneration.
 2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Femoroacetabular impingement (FAI) has been associated with
premature osteoarthritic (OA) degeneration of the hip joint and
may be responsible for up to 90% of idiopathic hip OA cases1,2. Cam-
type FAI results from a morphological, convex deformity at the
antero-superior femoral headeneck junction. It has been hypoth-
esized that so-called idiopathic hip OA may be largely due to
repeated abnormal contact between the deformity and acetabulum
in undiagnosed FAI2. Our previous study showed increased sub-
chondral bone mineral density (BMD) on the acetabular side in
subjects with a cam deformity which was associated with the: H. Frei, Department of Me-
ersity, 1125 Colonel By Dr,
(A.D. Speirs), pbeaule@
hospital.on.ca (K.S. Rakhra),
.carleton.ca (H. Frei).
s Research Society International. Pdegree of deformity3. This suggests that BMD changes in the ace-
tabulum play a role in OA degeneration of the acetabular cartilage
associated with FAI1 and could be a disease potentiator.
On the femoral side the convex deformity results in a
morphological incongruity of the bearing surface which could
result in elevated contact stresses. The presence of a cam deformity
is assessed by the alpha angle, ameasure of deviation of the femoral
headeneck contour outside a spherical envelope4,5. The genesis of
the cam deformity is unknown, although possible mechanisms
include a slipped capital femoral epiphysis6 or abnormal develop-
ment of the growth plate prior to skeletal maturity7,8. The aetiology
of cam deformity development may lead to elevated BMD in the
antero-superior region of the femoral headeneck junction i.e.,
within the deformity. Since bone stiffness increases exponentially
with BMD9, the associated stiffening of this subchondral bone could
exacerbate abnormal contact stresses of incongruent articular
surfaces. Previous studies have reported elevated femoral neck
bone density in hip OA subjects10,11, however the two-dimensional
nature of the dual energy X-ray absorptiometry (DEXA) employedublished by Elsevier Ltd. All rights reserved.
Fig. 1. Landmarks used in the deﬁnition of the regions of interest used for measure-
ment of BMD. The centroid of the contour in the neck was used to deﬁne the neck axis.
The reference plane is deﬁned by the neck axis (black line) and anterior axis (arrow)
through the centre of the femoral head. See text for details.
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direction.
The goal of this observational study was to measure the sub-
chondral bone density in the femoral head, especially near the
head/neck junction by extending the methods of our previous
study3. It is hypothesized that subchondral BMDwithin the femoral
cam deformity is elevated compared to normal subchondral bone.
Materials & methods
The study subjects and computed tomography (CT) scans are the
same as in our previous study3. Brieﬂy, 12 subjects in three groups
underwent bilateral CT scans from the ﬁfth lumbar vertebra to the
lesser trochanter as well as the knees. The ﬁrst group consisted of
subjects scheduled for surgical correction of a symptomatic cam
deformity (“Surgical”); the second group consisted of asymptom-
atic volunteers with a cam deformity (“Bump”); and the third
consisted of asymptomatic control subjects (“Control”). Bump and
Control subjects were recruited from the general asymptomatic
population and assigned to the corresponding group based on the
alpha angle3. The CT scan included a calibration phantom to allow
calculation of BMD.
Measurement of femoral bone density
Variation of BMD within the femoral head and at the head/neck
junction was assessed by measurement of CT image intensity in
standardized volumes of interest deﬁned by subject anatomy. First,
the proximal femur region of each hip in each patient was semi-
automatically segmented from the CT scan (ITK-Snap, v2.2,
itksnap.org). Various landmarks were used to standardize the vol-
umes of interest, determined from either the surface model or
identiﬁed directly on CT slices (Fig. 1). The femoral head centre and
radius were calculated from a least-squares best-ﬁt sphere of the
bearing surface of the segmented surface model. The neck of the
surface model was sliced with an oblique sagittal plane such that
the neck axis was deﬁned from the head centre to the centroid of
the resulting contour. Similarly, a contour was generated by a slice
through the proximal shaft of the segmented surface model, below
the lesser trochanter. The medial and lateral epicondyles were
identiﬁed directly on axial CT slices. The mid-point of these land-
marks and the centroid of the proximal shaft contour deﬁned the
shaft axis. The local anterior axis was deﬁned perpendicular to the
shaft axis and the neck axis, and differs slightly from the normal
anterior direction due to the anteversion of the femoral neck. A
reference, oblique transverse plane was created with a normal
perpendicular to both the neck and local anterior axes (Fig. 1).
Planes perpendicular to the neck axis were used to divide the
proximal femur into two levels. The distal and proximal levels
correspond to the head/neck junction and peripheral bearing sur-
face, respectively (Fig. 2). The ﬁrst level was centred on a point
representing an alpha angle of 60, approximately the mean alpha
angle of the Surgical group3, and had a width of 50% of the femoral
head radius. The proximal boundary of this region was therefore
offset from the head centre by 25% of the radius. This is close to the
extension of the epiphyseal scar, which was assumed to mark the
border of a normal bearing surface, which ranges from 11% to 44% of
the head radius in the antero-superior region12. The peripheral
bearing surface extended from the supero-medial plane of the
previous level and included half the remaining portion of the head
(Fig. 2) and is considered as the periphery of the normal bearing
surface. A volume was created in each level by offsetting the
segmented surface model inwards, i.e., towards the neck axis, by
5mm. This thickness was chosen to focus on the dense subchondral
bone layer. The volumes were then partitioned into 30 sections byincrementally rotating the reference oblique transverse plane
about the neck axis. This resulted in 12 sections around the
circumference such that the reference plane divided Sections 1 and
12 anteriorly (Fig. 2). The head/neck junction was similarly divided
although only Sections 1e3 and 12 were considered in the analysis
since cam deformities are known to be centred in the antero-
superior quadrant of the femur5 (Fig. 2). This region may be
considered an infero-medial extension of the anterior bearing
surface due to the deformity. Section 4 at this level is generally the
region in which the superior retinacular arteries penetrate the
supero-medial femoral head and is outside the region typically
containing the cam deformity and was therefore excluded. Simi-
larly Section 11 is inferior to the deformity and was excluded from
the analysis. A tetrahedral volumemeshwas created in each section
(Netgen Mesh Generator, v4.9.13, http://sourceforge.net/apps/
mediawiki/netgen-mesher) with approximately 10,000 elements
per section. The CT intensity (Hounsﬁeld Units, HU) was sampled in
each tetrahedral element by linear interpolation to the element
centroid using a custom program (Matlab Image Processing
Toolbox, v2009b). Each CT scan was calibrated using the phantom
according to the manufacturer’s directions to convert tetrahedral
HU to K2HPO4-equivalent BMD. The mean BMD in each sectionwas
calculated as the volume-average density of all tetrahedral ele-
ments in the section.
Subjects were expected to exhibit general bone density differ-
ences due to various factors such as body weight and activity level.
Fig. 2. The femoral head and neck were divided into the peripheral bearing level and the head/neck junction level. The segmented surface was offset 5 mm towards the neck axis to
create closed volumes at each level (left). These volumes were subdivided by rotating a reference plane about the femoral neck axis (centre; see also Fig. 1). Sections were labelled
from 1 to 12 circumferentially around the head, where Section 1 is anterior and 3 is superior. Sections in the posterior region of the peripheral level are not visible. The femur surface
and Sections 3 and 4 of the head/neck junction level are shown with an axial CT slice (right).
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lumbar vertebral body at level L5. The mean bone density in a re-
gion 1.6 cm3, referred to as L5, was used as a covariate in statistical
analyses to control for general patientepatient bone density dif-
ferences. This location was deemed to be sufﬁciently remote from
the hip joint to be affected by any impingement, but could also be
included in the CT scan without substantially increasing radiation
dosage.
Statistical analysis
Bone density differences between groups were compared in the
affected hip of each group, i.e., the operated hip (Surgical group),
the side with the largest alpha angle (Bump) or a randomly selected
side (Control). Differences in BMD in each of the 12 sections in the
peripheral level were examined using a one-way analysis of
covariance (ANCOVA), using study group as the single factor and L5
density as the covariate. The four sections in the headeneck junc-
tion level were also compared between groups using ANCOVA.
These four sections are largely distal to the border of the epiphyseal
scar and are therefore presumed to be distal to the bearing surface
in Control subjects12. However the deformity consists of a cartilage
layer, conﬁrmed by histological examination of tissue samples from
the deformity of Surgical subjects as well as in a previous study13.
The bone in the deformity region may therefore be considered to
underlie cartilage i.e., it is subchondral. In order to compare sub-
chondral BMD in cam deformities with normal subchondral BMD,
additional ANCOVA tests were performed in the four head/neck
junction sections in the Bump and Surgical groups and the corre-
sponding sections in the peripheral level of the Control group.
Linear regression was performed in subchondral sections to
examine the relationship between BMD and severity of the defor-
mity as measured by the alpha angle. Since correlations were low
and L5 did not improve the relationship in step-wise regression,
only simple regression results are presented. In all ANCOVA ana-
lyses the L5 Group interaction termwas not signiﬁcant indicating
a single regression slope could be applied to correct for the covar-
iate within each region. Equal within-group variances of BMD after
correction for the covariate were tested using Levene’s test. With
the exception of four regions, all within the peripheral level, there
were no signiﬁcant differences in variances. The unequal variances
in the four regions will be discussed below.
In the case of group having a signiﬁcant effect in the ANCOVA
result (P < 0.05), speciﬁc differences between groups were testedusing a post-hoc Student’s t test with a Sidak correction to maintain
a Type I error rate within each section of 0.05.
Since cam deformities are often bilateral14,15 the contralateral
hip in Bump and Surgical subjects may provide valuable informa-
tion and is less affected by biological diversity between subjects.
Subgroups of six Bump subjects with a unilateral deformity and 12
Surgical subjects with bilateral deformities were selected for
within-subject paired comparisons of BMD. Due to the small
sample size in the Bump subgroup and the appearance of outliers in
paired differences, a non-parametric Wilcoxon paired sample test
was performed to detect differences between the affected and
contralateral normal hip in each section. In the Surgical subgroup
the sample size was larger and differences appeared to be normally
distributed based on skewness, thus a paired t-test between sides
was performed in each section to test within-subject BMD
differences.
Results
Peripheral level
The BMD in the Bump and Surgical groups was moderately
higher than in the Control group in the antero-posterior region i.e.,
Sections 1e3. Compared to Controls, BMDwas up to 56 mg/cc (21%)
higher in the Bump group and up to 90 mg/cc (37%) higher in the
Surgical. Group was not found to have a signiﬁcant effect in the
omnibus ANCOVA in any section (P ¼ 0.06e0.999, Fig. 3).
Head/neck junction
When comparing within the same level for all groups, BMD in
the Bump group was 127 mg/cc and 138 mg/cc higher in Sections 1
and 2 (39% and 42%; P ¼ 0.003 and 0.006 with Sidak correction)
compared to Controls. BMD was also 117 mg/cc (35%) higher in the
Bump group compared to the Surgical group in Section 1 (P¼ 0.023
with Sidak correction). BMD was up to 60 mg/cc higher in the
Surgical group compared to Control, but was not signiﬁcant
(P ¼ 0.18e0.88).
The region considered in the head/neck junction level underlies
cartilage in subjects with cam deformities, however it is distal to
the bearing surface in normal Control subjects. Therefore the sub-
chondral bone in the head/neck junction level of Bump and Surgical
subjects was compared to corresponding sections in the peripheral
level of Control subjects. In this case subchondral BMD in Bump and
Fig. 3. Variation in BMD (mg/cc shown on radial axis) around the femoral head in the head/neck junction level (left) and the peripheral bearing level (middle) for the three groups.
A femur is shown as a guideline for section location. The section number is indicated around the circumference. Comparison of the subchondral bone of the Surgical and Bump
groups with normal subchondral bone is also shown (right).
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Bump group, BMD was 83 mg/cce203 mg/cc (34e78%) higher than
in Controls in Sections 1, 2 and 12 (P < 0.0001e0.007 with Sidak
correction), and 67 mg/cc (28%) higher in Section 3, which was not
signiﬁcant (P ¼ 0.21). BMD was signiﬁcantly higher in the Surgical
group compared to Controls for all four sections, ranging from
51 mg/cc to 124 mg/cc (21e47%; P ¼ 0.005e0.032 with Sidak
correction).
Correlation between subchondral BMD and deformity severity
was signiﬁcant in region 3 (P ¼ 0.01) however the relationship was
weak in all four regions (R2 from 0.065 to 0.133).
Contralateral femur
Comparing bilateral deformities in Surgical subjects, no signif-
icant differences were found between sides in any of the 16 sections
(P ¼ 0.132e0.996, paired t-test). In the Bump subgroup of subjects
with unilateral deformities, a within-subject difference was found
anteriorly, in Section 1 of the head/neck junction level (P ¼ 0.046,
Wilcoxon paired test) and Sections 1, 2 and 12 in the peripheral
level (P ¼ 0.028e0.046), which represent a contiguous region.
Discussion
This study demonstrated that BMD of subchondral bone un-
derlying a cam deformity is signiﬁcantly higher than normal sub-
chondral bone of the anterior femoral head and is similar to, or
perhaps somewhat higher, than normal compact bone in the
antero-superior femoral neck. In paired comparisons of the
contralateral deformity within the Surgical group there were no
signiﬁcant differences observed. In contrast, BMD was higher
anteriorly in the affected side compared to the contralateral normal
femur within the Bump subgroup, primarily in the peripheral
bearing level. These inter-group and within-subject differences
support our hypothesis that subchondral BMD underlying a cam
deformity, i.e., in the Bump and Surgical groups, was higher than in
normal subchondral bone. However there was no evidence of
higher subchondral BMD in the Surgical group compared to the
asymptomatic Bump group. In fact, BMD appeared higher in the
Bump group than in the Surgical group, especially in the antero-
superior region, although differences were only signiﬁcant in Sec-
tion 1 of the head/neck junction level (Fig. 3). Although BMD dif-
ferences between groups were not statistically signiﬁcant in the
peripheral level, results approached signiﬁcance in anterior regions(P ¼ 0.068e0.132 for regions 12 and 1e3). Absolute differences in
these four regions ranged from 38 to 56 mg/cc higher in the Bump
group and 49e90 mg/cc higher in the Surgical group compared to
Controls (Fig. 3, centre). Analyzing more subjects may result in
statistical signiﬁcance between Surgical and Bump subjects
compared to controls although the biomechanical consequences of
such small differences are not clear.
Previous studies have shown an association between two-
dimensional DEXA scores from the femoral neck and hip OA10,11.
Furthermore, subchondral bone density changes in OA have been
long-recognized as sclerosis on X-rays and are an important crite-
rion in OA grading16,17. However these analyses do not provide a
three-dimensional BMD distribution and such analyses cannot be
conﬁned to subchondral BMD nor to the deformity region due to
the projection view and overlapping structures. Use of three-
dimensional quantitative CT (qCT), as in the current analysis, al-
lows analysis of speciﬁc regions of interest that may be involved in
the degenerative pathway. This increased speciﬁcity may help
elucidate the role of periarticular bone changes in OA. Since the
elastic modulus of bone increases exponentially with BMD9, the
maximum 78% higher BMD in the Bump group suggests a 3.6-fold
increase in stiffness compared to normal subchondral bone. Finite
element analyses have shown that increased subchondral bone
stiffness resulted in elevated cartilage stresses18,19 although more
complex material models of cartilage, such as ﬁbril-reinforced
poroelastic models20,21, could be used to examine stresses within
the components of cartilage. Further work is required to under-
stand the contribution of bone modulus to the contact stresses in
cam-type impingement.
Some limitations to this study must be acknowledged. Although
this study examined BMD in 16 different sections using ANCOVA,
each ANCOVA was considered a separate statistical test and no
adjustment was made to the omnibus F-statistics for multiple
ANCOVAs. The only adjustments for multiple comparisons were
made in the post-hoc tests within each zone for comparisons be-
tween the three study groups. A more complex omnibus statistical
model that considered section and level may have provided more
power and reduced the Type I error rate. However BMD varies
continuously through the volume of a bone segment such that
adjacent sections are expected to have highly correlated BMD
whereas remote sections are likely less correlated. We are not
aware of a statistical model that can account for such spatial cor-
relations. However BMD differences were primarily seen in the cam
deformity compared to normal subchondral bone and were found
Fig. 4. Left: axial CT slice of a Control subject. Note the undercut at the anterior head/neck junction (black arrow) which creates clearance for the acetabular rim as the femur rotates.
Middle: axial CT slice of a Bump subject in which an apparent second compact bone layer can be discerned in region of the deformity (two white arrows). Right: axial CT slice of
another Bump subject in which the surface layer of bone in the deformity region appears thicker and more dense (outlined) compared to the subchondral bone of the normal
bearing surface shown in the left ﬁgure.
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Quantitative correction for such spatially correlated data is difﬁcult
and is a limitation of this study. Use of the ANCOVA test requires
making several assumptions about the data. As noted above, the
assumption of equal within-group variances was violated in four
regions in the peripheral level. For equal sample sizes the F-test
used in ANCOVA is generally robust in this case but tends to pro-
duce false-positive results. However in these four regions no sig-
niﬁcant difference was found. In one region (Section 8) the group
means differed by less than 6% and thus heterogeneous variances
are likely inconsequential. The other three regions were in the
anterior head (Sections 12, 1 and 2) in which large variances were
seen in the Surgical group. Seven of these Surgical subjects had
consistently higher BMD than the other Surgical subjects in these
regions which resulted in large variations. This could be explained
by higher body weight in those subjects (P¼ 0.003, t-test) resulting
in higher hip contact forces in this load bearing area.
BMD in the contralateral femur in the Surgical bilateral defor-
mity subgroup was not signiﬁcantly different than the affected hip,
however differences were observed in the unilateral Bump sub-
group. The contralateral hip in this subgroup was classiﬁed as
normal3 and thus lower BMD could be expected. Differences were
seen in the subchondral bone of the affected hips across groups i.e.,
considering bone in the deformity at the head/neck junction level
in Bump and Surgical groups and corresponding sections in the
peripheral level of Control subjects (Fig. 3, right). This compares the
subchondral bone in the deformity with normal subchondral bone
in the antero-superior bearing region. Although BMD in the Sur-
gical subjects is somewhat lower than in the Bump group (Fig. 3),
the differences were not signiﬁcant except in Section 1. The
symptomatic status of the Surgical group suggests that degenera-
tion is more advanced than in the Bump group. This could be due to
more severe contact mechanics or more frequent contact as a result
of activity level. If higher BMD were a remodelling reaction to the
abnormal contact between the cam deformity and the acetabular
rim, BMD in the Surgical group would conceivably be higher as a
result of increased loading. The opposite trend may be a result of
altered joint kinematics to avoid pain, overloading and resorption
or a reaction to biochemical signals emitted in the periarticular
tissues as a result of the degenerative process. The increased BMD
in the deformity appears to be a general densiﬁcation of the tissue
at the bone surface, although a radiological feature resembling a
duplicate cortex is occasionally discernable (Fig. 4).
The genesis of the femoral cam deformity and increased density
is unknown. Mechanisms such as an undiagnosed slipped epiph-
ysis6 have been proposed, although recent studies have implicatedabnormal growth plate development prior to skeletal maturity
especially antero-superiorly7,8. In the latter case, local thickening of
growth plate cartilage, followed by calciﬁcation at skeletal matu-
rity, could result in a thicker layer of compact bone underlying a
superﬁcial layer of cartilage that becomes part of the articular
surface. Once the deformity is formed, abnormal contact stresses
may contribute to bone remodelling in the deformity region
although this region is located outside the typical load bearing
region. Since BMD was only weakly correlated with severity of the
deformity (R2¼ 0.065e0.133) bone remodelling on the femoral side
due to impingement is not likely to be an important mechanism. In
either case elevated subchondral BMD may be inherent to the cam
deformity and explain the results of the current study. In contrast,
high BMD reported in the antero-superior acetabulum was related
to the severity of the deformity3. Thus acetabular BMD is likely a
remodelling response to abnormal contact stresses induced by the
incongruous cam deformity, possibly exacerbated by a stiffer
subchondral bone layer in the deformity. The relative inﬂuence
of the subchondral stiffness could be examined using ﬁnite
element analysis. However the clinical consequences of high BMD
differ between the femur and acetabulum. The cam deformity can
be surgically removed by high speed burr, but treatment options on
the acetabular side are limited. This may have implications for
pharmaceutical or surgical repair techniques since sclerotic bone
would remain in the acetabulum. Removal of the cam deformity
may relieve the contact stresses, and follow-up with the Surgical
group is on-going to examine whether acetabular subchondral
bone remodels to normal BMD levels.
Many factors are involved in the contact mechanics of the
deformity and acetabular rim such as the deformity morphology,
tissue properties and jointmotions. The contralateral results as well
as differences between groups found in this study suggest that BMD
in the deformity is a potentiating factor in FAI-associated degen-
eration, although three-dimensional assessment of femoral and
acetabular morphometry as well as hip kinetics is required to fully
understand this process.
Conclusion
BMD of subchondral bone of the cam deformity is higher than in
normal subchondral bone, regardless of symptom status. This
elevated density may exacerbate the contact stresses associated
with abnormal contact between the femur and acetabular rim.
Further work is required to investigate the role of joint motions and
increased subchondral bone stiffness on each side of the joint in the
pathomechanism of cam-type FAI.
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